Background: Gib2 interacts with Gpa1, Gpg1, Gpg2, Cin1, and Pkc1. Gib2 overexpression promotes cAMP levels in cells lacking Gpa1. Results: Gib2 regulates cAMP through a novel mechanism involving functions of Ras1 and Cac1. Conclusion: Gib2 functions as a scaffolding adaptor protein.
phosphate (cAMP)-dependent signaling pathway that regulates the production of virulence factors such as melanin, capsule, and virulence (8, 10, 11) . This pathway consists of several conserved components including the G␣ subunit (Gpa1), adenylyl cyclase (Cac1), protein kinase A catalytic and regulatory subunits (Pka1 and Pkr1, respectively), and phosphodiesterases (Pde1 and Pde2) (12) (13) (14) (15) . In comparison with Saccharomyces cerevisiae Ras1 and Ras2 proteins that play a prominent role in promoting cAMP levels through the activation of adenylyl cyclase Cyr1 and Schizosaccharomyces pombe Ras1 that regulates the mating process (for a review, see Ref. 6 ), Ras1 was shown to regulate primarily thermal responses and cell polarization during budding in C. neoformans (16) . Ras2 shares certain functions with Ras1, but its regulatory role appears to be minor (16) . Despite Cac1 containing a conserved Ras association (RA) 4 domain, the role of Ras1 or Ras2 in Cac1-cAMP regulation has not been established in C. neoformans.
We previously identified in a yeast two-hybrid (Y2H) assay that Gib2 (Gpa1-interacting ␤) binds to Gpa1 and found that overexpression of Gib2 positively regulates cAMP in strains lacking normal Gpa1 function (17) . In addition, Gib2 exhibits the ability to associate with other proteins including Smg1, a multicopy suppressor of melanin defects due to gpa1 mutation; the Pkc1 kinase; and the human intersectin ITSN1 homolog Cin1 (17) . Structural modeling of Gib2 showed that it contains a seven-WD domain (WD-40) motif similar to the mammalian G␤-like/receptor for activated protein C kinase 1 (RACK1) protein and budding and fission yeast S. cerevisiae Asc1/S. pombe Cpc2 (17) .
Mammalian G␤-like/RACK1 proteins (RACK1 hereafter) are scaffold proteins that integrate many different cellular processes through interactions with various proteins including the activated protein kinase C (PKC), Src tyrosine kinase, and integrin (18 -23) . RACK1 interacts with a subset of heterotrimeric G t ␣␤␥ (G t ␣ type) and/or heterodimeric G␤␥ proteins (24 -26) . Studies also showed that RACK1 interacts with Pde4D5, an isoform of Pde4D, to suppress cAMP degradation (27) . Moreover, RACK1 was shown to be the 40 S ribosomal core component that interacts with many proteins involved in protein translation and post-translational modifications (28, 29) .
The budding yeast S. cerevisiae RACK1 homolog Asc1 functions as a guanine nucleotide dissociation inhibitor to inhibit the functions of Gpa2 and Cyr1 (30) . Asc1 was further characterized as a ribosomal core protein that associates with the 40 S ribosome and regulates stress resistance and adhesion-dependent growth (31, 32) . In fission yeast S. pombe, the cpc2 (Cpc2 is a RACK1 homolog) mutant displayed delayed cell cycle progression (33) . In basidiomycetous Ustilago maydis, disruption of RAK1 (Rak1 is a RACK1/Asc1/Cpc2 homolog) affects cellular growth, cell wall integrity, cell fusion, and virulence (34) . Collectively, these findings indicate that RACK1/Asc1/Cpc2 proteins share the ability to modulate multiple pathways and cellular responses in the lower eukaryotic fungi.
We previously identified Gib2 using a Y2H screening and found that Gib2 not only binds to Gpa1 and Gpg1/Gpg2 but also modulates cAMP levels when overexpressed (17) . Gib2 also associates with proteins such as Pkc1 and Smg1, suggesting that it could modulate multiple pathways similarly to RACK1/ Asc1/Cpc2. To further characterize Gib2 and identify the mechanism involved in Gib2-regulated cAMP signaling, we show here that Gib2 directly binds to Gpa1 and Gpg1/Gpg2, and the binding is not mediated by Ste4 and Ste18 of the yeast host. Gib2 is required for growth at body temperature and full virulence of C. neoformans. In addition, Gib2 promotes cAMP signaling by interacting with Ras1, which interacts with Cac1 through the conserved RA domain to suppress its activity. Moreover, through glutathione S-transferase (GST) affinity purification combined with mass spectrometry, we identified 47 additional proteins that interact with Gib2. Finally, we established and validated a Gib2-protein interactive network to illustrate that Gib2 is a multifunctional adaptor protein important in growth, differentiation, and virulence of C. neoformans.
EXPERIMENTAL PROCEDURES
Strains, Media, and Plasmids-C. neoformans var. neoformans (serotype D) JEC21 (MAT␣) and JEC20 (MATa) and var. grubii (serotype A) H99 (MAT␣) strains were used as parental strains (35, 36) . Key strains and oligonucleotide primers for PCR amplification are listed in Tables 1 and 2, respectively. Yeast extract-peptone-dextrose, synthetic medium, 10% V8 agar (pH 5.0) for mating, and Niger seed agar for melanin production were prepared following the standard protocols or as described previously (9, 37) .
Rapid amplification of cDNA ends for var. neoformans PDE2 was performed as described previously (37) . Partial cDNA for var. neoformans PDE2 and full-length cDNA for RAS1, RAS2, and CAC1 were synthesized by RT-PCR and inserted into the pGBKT7 plasmid (BD Biosciences) according to the standard protocols (38) . cDNA for the Cac1-RA domain was amplified using primers PW1767 and PW1868, and eIF4A cDNA was amplified with primers PW1756/PW1757 or PW1762. C. neoformans var. neoformans GIB2 cDNA was previously inserted into pGADT7 (17) .
Construction of Mutant Strains-The gib2 mutant allele was generated by incorporating a SmaI restriction site into the GIB2 allele with primers PW225 and PW226, and the NAT and NEO gene cassettes were inserted into the SmaI site, generating the gib2::NAT and gib2::NEO mutant alleles, respectively. Mutant strains were obtained by transformation of var. grubii H99 with the gib2::NAT or gib2::NEO allele and of var. neoformans JEC21 with the gib2::NAT allele. The gib2::NAT mutant of H99 was complemented by reintroduction of a 2.0-kb wild-type GIB2 linked to the NEO marker (pGS200) (39) .
The following mutant alleles are var. neoformans (serotype D)-specific. To disrupt the PDE1 gene, the upstream and downstream fragments overlapping with the 5Ј and 3Ј termini of the NAT gene were first amplified with primers PW590 and PW612 and primers PW613 and PW593, respectively. The upstream and downstream split markers were synthesized by overlap PCR with primers PW590 and PW639 and primers PW638 and PW593, respectively. The same approach was used to generate the pde1::NEO mutant strain. The pde2::NAT allele was generated using primer sets PW596 and PW614, PW615 and PW599, PW596 and PW639, and PW638 and PW599, respectively. The pde1 pde2 mutant was obtained by transformation of the pde1::NEO mutant with the pde2::NAT allele.
For RAS1 disruption, two ligation reactions were performed. One involved linking the HindIII fragment (upstream; amplified with PW1027 and PW1013) to the NEO fragment (KpnI/ HindIII), and the other involved linking the EcoRI fragment (downstream; amplified with PW1014 and PW1015) to the NEO marker (EcoRI). The ras1::NEO mutant allele was amplified with primers PW1027 and PW638 and primers PW812 and PW1015. For RAS2 disruption, the upstream HindIII fragment (amplified with PW1050 and PW1051) and the downstream EcoRI fragment (amplified with PW1052 and PW1053) were each linked to NEO through ligation reactions. The ras2::NEO mutant allele was amplified with primers PW1050 and PW638 and primers PW812 and PW1053 using the two fragments as the templates. To disrupt the CAC1 gene, two ligations were also performed. One linked the upstream AscI fragment amplified with PW718 and PW719 to the URA5 fragment (AscI/NotI; pGS007), and the other linked the downstream NotI fragment (amplified with PW720 and PW721) with the URA5 fragment. The cac1::URA5 mutant allele was amplified with primers PW718 and PW705 and primers PW704 and PW721.
The URA5, NAT, and NEO gene markers were amplified from the plasmids pGS007 (a derivative of pCnTel1), pGMC200, and pGS063, respectively (39 -41) . PW1756, PW1757, and PW1762 were used to synthesize eIF4A cDNA, and PW1767 and PW1768 were used to synthesize RA domain (Cac1) cDNA.
Phenotypic Characterization-Growth was assessed by spotting serially diluted cell cultures on medium plates. Effects on cAMP signaling were judged on the formation of the melanin pigment and the polysaccharide capsule, two well established virulence factors. Melanin formation was observed in cells growing on Niger seed agar, and capsules were induced by growing cells in Dulbecco's modified Eagle's medium (DMEM) at 30°C for 72 h as described previously (37, 42) . Cells were stained with India ink for capsule visualization using a Zeiss microscope (Axio Imager A2) equipped with a digital camera (42) .
Virulence tests were carried out in female A/JCr (The Jackson Laboratory) mice using a murine inhalation model, and mouse survival was analyzed by the Kaplan-Meier method using Prism 4.0 software (GraphPad Software, Inc.) as 
Gib2 Is a cAMP-modulating Signal-transducing Adaptor Protein described previously (37) . Where applicable, the brains of euthanized animals were collected, homogenized in glass homogenizers, stained with India ink, and visualized under a microscope. Animal testing was carried out under protocol number 171, which was approved by the Institutional Animal Care and Use Committee of the Research Institute for Children following the guidelines from the American Association for Laboratory Animal Science. Transient cAMP levels after starvation and glucose triggering were detected using the Amersham Biosciences cAMP Biotrak system (RPN225, GE Healthcare) following the same method we described previously (17) . Yeast Two-hybrid Assay, Co-immunoprecipitation (Co-IP), GST-Gib2 Fusion Construct, and GST Affinity Purification-The two-hybrid assay was carried out in both S. cerevisiae PJ69-4A and AH109 host strains as described previously (17, 43) . The ⌬ste4 mutant versions of PJ69-4A and AH109 were used for Gib2-Gpa1 and Gib2-Gpg2 interactions. pET-41a(ϩ) plasmids (Novagen) with the GST fusion genes (GST-GIB2 and GST-RA) were respectively transformed into Escherichia coli Rosetta TM 2(DE3), and protein expression was induced for 4 h at room temperature following the addition of isopropyl ␤-Dthiogalactopyranoside to a final concentration of 0.2 mM (17). To extract GST and GST-Gib2 fusion proteins, cells were suspended in PBS buffer, pH 7.3 containing 1 mM EDTA, 0.5% Nonidet P-40, and protease inhibitors (Roche Applied Science) and incubated for 30 min at 4°C with gentle shaking. Samples were centrifuged at 13,000 rpm for 20 min at 4°C, and supernatants were recovered. For protein purification, supernatants were mixed with glutathione-Sepharose resin (Amersham Biosciences) for 1.5 h and packed into a column. The fusion protein was verified by SDS-PAGE analysis and Western blotting with the anti-GST antibody (Santa Cruz Biotechnology, SC-138) and anti-Gib2 antibody (17) . Ras1 and eIF4A fusion proteins were expressed using the pRSET-B vector (Invitrogen), and co-IPs were performed following the methods described previously (17) .
For GST affinity purification, 400 l of the GST-Gib2 protein extract was added to glutathione-Sepharose resin (Amersham Biosciences) and washed with buffer C (50 mM Tris, pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM PMSF, and proteinase inhibitors (Roche Applied Science)). The protein extracts (H99 and JEC20 gpa1) were respectively preconditioned in buffer A (50 mM NaHepes, pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 25 mM ␤-glycophosphate, 100 M Na 3 VO 4 , 10 M GDP, and protease inhibitor mixture) for 30 min at room temperature before addition to the resin containing GST-Gib2. The mixture was incubated overnight with gentle rotation at 4°C, precipitated, and washed twice with PBS buffer containing 0.2% Nonidet P-40 and 1 mM PMSF. 50 l of SDS-containing gel loading buffer was added to the resin and briefly boiled, and 20 l was analyzed by SDS-PAGE and Western blotting using the anti-GST antibody. A second SDS-PAGE was performed, gels were stained with Coomassie Blue stain, and protein bands were sliced and collected. The gel slices were cut into small pieces, digested with trypsin, and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Separate affinity purification for controls including GST-embedded resin and extraction buffer were run simultaneously (GST-Gib2 ϩ extracts, GST-Gib2 ϩ extraction buffer, GST ϩ extracts, and GST ϩ extraction buffer), and each sample was done in duplicate.
LC-MS/MS Analysis and Database Search-Protein samples were reduced by dithiothreitol (DTT), alkylated with iodoacetamide, and trypsin-digested overnight at 37°C. The digestion was stopped by adding 5% formic acid, and the solvents were then evaporated in a speed vacuum (44) . The dried samples were suspended in 2% acetonitrile (containing 0.1% formic acid) and subjected to LC-electrospray ionization-MS/MS analysis on a Finnigan LTQ ion trap mass spectrometer (Ther-moFinnigan, San Jose, CA) as described previously (44) . Briefly, the resuspended sample was loaded into a C 18 trap column for desalting before being eluted into a reverse-phase C 18 analytical column for LC separation and MS detection. The acquired raw data were processed using BioWorks (version 3.3) (Thermo Electron). Parameters for the SEQUEST database search against the UniProtKB/TrEMBL database were set as follows: differential mass increase of ϩ57.02 Da on cysteinyl residue and ϩ15.99 Da on methionine residue. The number of missed cleavage sites was set to 2. The search results were filtered with cross-correlation (XCorr) scores set as 2.0, 3.0, and 3.5 for singly, doubly, and triply charged peptides, respectively.
Establishing and Validating a Gib2 Interactome-To generate a Gib2 interactive network, the S. cerevisiae proteins with which proteins of C. neoformans var. grubii and var. neoformans share homologies were identified. Proteins with an E-value of Ͻ1eϪ5 are considered acceptable. The S. cerevisiae proteins (Saccharomyces Genome Database) were compiled using the Search Tool for the Interacting Genes/Proteins (STRING) database v9.0 (45) with a STRING confidence score over 0.7 (high confidence) to generate an Asc1-protein interactive network. The Gib2 interactive network was then established based on the S. cerevisiae Asc1 model.
We used pairwise cluster analysis of functional families, Y2H screening, and co-IP to validate selected Gib2-protein interactions. In the process of establishing the Gib2 interactome, we used blastp to search S. cerevisiae proteins that are homologous (E-value Ͻ1eϪ5) to the C. neoformans proteins identified through GST pulldown. Through the STRING database, we then predicted proteins that interact with Asc1 with each protein having a STRING confidence score ranging from 0.31 to 0.99 (Ͼ0.7, high confidence; 0.4 -0.7, medium confidence; Ͻ0.4, low confidence). We clustered both C. neoformans and S. cerevisiae by OrthoMCL and identified C. neoformans proteins that could be clustered with at least one S. cerevisiae protein in each cluster, respectively. We also used Y2H screening and co-IP as another means of data validation to examine the association between Gib2 and eIF4A.
RESULTS
Gib2 Is Required for Cellular Viability and Virulence-Gib2 was previously discovered in Y2H screening using G␣ Gpa1 as protein bait, and it was shown to also promote cAMP levels when overexpressed in cells lacking Gpa1 (17) . Gib2 adopts a seven-bladed ␤-propeller fold and shares high conservation in amino acid sequences with mammalian RACK1, parasitic Leishmania major LACK1, and S. cerevisiae Asc1 (Fig. 1, A and Gib2 Is a cAMP-modulating Signal-transducing Adaptor Protein MAY 2, 2014 • VOLUME 289 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 12205 B). In addition, Western blotting analysis using the previously obtained Gib2-specific antibody showed that Gib2 occurs as monomeric and dimeric complexes (Fig. 1C ). To characterize Gib2 function, we had previously tried but failed to obtain a gib2 knock-out mutant using the auxotrophic URA5 marker (17) . However, when switching to dominant selective marker genes such as the nourseothricin resistance NAT and neomycin resistance NEO genes and selecting putative mutants at ambient temperature (25°C) instead of 30°C, we were able to generate gib2 knock-out mutants in both var. grubii (serotype A) and var. neoformans (serotype D) strains. Disruption of the GIB2 gene results in no apparent reduction in formation of the melanin pigment or capsules under the laboratory conditions ( Fig. 2A) . However, the gib2 mutant strains exhibited reduced growth in comparison with the wild-type and complemented (gib2 GIB2) strains at 37°C (Fig. 2B ). No statistically significant differences in cAMP levels were found between the gib2 mutants of var. grubii (serotype A) and var. neoformans (serotype D) and the wild type H99 and Jec21 strains ( Fig. 2C ).
We also evaluated the impact of GIB2 disruption on its ability to cause diseases through an experimental murine model of cryptococcosis. Using the var. grubii gib2::NAT mutant and A/JCr mice, we showed that disruption of the GIB2 gene results in severe attenuation of virulence with the mice surviving nearly twice as long as the mice infected with the wild type H99 strain (Fig. 2D ). The mean survival for the gib2 mutant is 39 days postinfection in comparison with 17.5 days by the wildtype strain and 21 days by the complemented gib2 GIB2 strain (p Ͻ 0.01). India ink staining of the brain smear collected from the moribund mice showed the presence of the gib2 mutant cells with capsules comparable with those of the wild-type strain ( Fig. 2A) .
Gib2 Binding of Gpa1 Is Not Mediated by S. cerevisiae G␤ Ste4-Gib2 was identified through its interaction with G␣ Gpa1 through Y2H screening and protein pulldown (17) . Gib2 contains a seven-WD domain motif and was modeled to show the ␤-transducin structure. Binding of Gib2 to Gpa1, which lacks a traditional G␤, and Gpg1/Gpg2 suggests that Gib2 may provide a structural component for the canonical heterotrimeric Gpa1 protein complex. Because mammalian RACK1 is known to interact with a subset of heterotrimeric G␣␤␥ and heterodimeric G␤␥ proteins (24 -26) , we deleted the STE4 gene from S. cerevisiae AH109 and PJ69-4 strains to test whether Gib2 remains interactive with Gpa1 and Gpg1/Gpg2. The S. cerevisiae STE4 gene was disrupted in both PJ69-4a and AH109 host strains using a ste4::NEO knock-out allele. The ste4::NEO allele was generated through PCR amplification with primers containing an ϳ75-oligonucleotide sequence of S. cerevisiae STE4 and ϳ18 oligonucleotides for linking the neomycin resistance gene (46) . Both yeast ste4 mutant strains were sterile as expected and exhibited no other defects (data not shown). Interactions between Gib2 and Gpa1 and between Gib2 and Gpg2 were again demonstrated ( Fig. 3A) , confirming that Gib2 indeed binds directly with Gpa1 and Gpg1/Gpg2 and not through a complex with the host G protein ␤ subunit.
Gib2 Interacts with Phosphodiesterase Pde2-cAMP is a ubiquitous second messenger produced by cells in response to external stimuli that activates cAMP-dependent protein kinase FIGURE 1. Gib2 shares high homology with human G␤-like/RACK1, parasitic L. major LACK1, and S. cerevisiae Asc1 proteins and exists as monomer and dimer. A, multiple sequence alignment was made using ClustalW (v1.83). B, Gib2 is highly homologous to RACK1/LACK1/Asc1 proteins sharing, respectively, 84, 69, and 70% in amino acid sequence similarities. C, Western blotting showing that Gib2 is capable of forming dimeric complexes under normal physiological conditions. hr, time in yeast nitrogen base minimal medium after switching from yeast extract-peptone-dextrose.
A and in turn transcription factors to promote cellular growth and differentiation. The levels of the cellular cAMP depend on the activity of adenylyl cyclase that synthesizes cAMP as well as PDEs that degrade cAMP. In humans, RACK1 modulates the cAMP levels through inhibition of the Pde4D5 PDE activity, and the inhibition is mediated by an interaction at the conserved RACK1 interaction domain (RAID) (27, 47) . Binding of RACK1 to Pde4D5 blocks the site on which Pde4D5 normally has access to cAMP, thus preventing degradation of cAMP. Therefore, we hypothesized and tested the possibility of a similar operating mechanism involved in cAMP regulation by Gib2.
In C. neoformans var. grubii (serotype A) strains, the low affinity PDE Pde1 is a prominent member of the Gpa1-cAMP signaling pathway, whereas the high affinity Pde2 has a minor or negligible impact (15) . Because Gib2 was initially found to regulate cAMP levels in the highly related but divergent var. neoformans (serotype D) strains, we characterized Pde1 and Pde2 functions by searching for the presence of the RAID and by generating pde1, pde2, and pde1 pde2 in the wild-type JEC20 (MATa) and the mutant BAC21 (MAT␣ gpa1) strain backgrounds.
No putative RAID was found in Pde1 of either serotype that shares high homology. A discrepancy was found, however, in FIGURE 2. Gib2 is involved in growth and pathogenicity of C. neoformans. A, Gib2 is not directly involved in melanin and capsule formation. The upper panel shows the gib2::NAT mutant (var. grubii) and the wild-type strain H99 grown on Niger seed medium agar for 2 days at 30°C. The lower panel shows cells recovered from mouse brain tissues exhibiting normal sized capsules following India ink staining. B, the growth of the gib2 mutant is reduced at 37°C in comparison with H99. Partial complementation is achieved in the complemented mutant strain (gib2 GIB2). C, Gib2 has no apparent direct roles in cAMP levels in a transient cAMP assay using the Amersham Biosciences cAMP enzyme immunoassay system (see text). Each cAMP level represents the value estimated from 1 ϫ 10 6 cells. D, Gib2 is required for full virulence expression. Ten A/JCr mice were infected with the gib2 mutant, H99, and the complemented (gib2 GIB2) strains, respectively. The difference in survival between gib2 and H99 and between gib2 and the complemented strain was statistically significant (p Ͻ 0.05), whereas there was no statistically significant difference between H99 and the complemented strain. A, serotype A; D, serotype D. the sequences of Pde2. Rapid amplification of cDNA ends and RT-PCR revealed that var. neoformans Pde2 (Cnb01170) consists of 1214 amino acids in contrast to 555 amino acids as deposited (GenBank TM accession number AAX73258 (15)) ( Fig. 3B ). Interestingly, a region at the N terminus (amino acid residues 281-351) of Pde2 exhibits certain sequence homology (27%; 18% identity and 9% similarity) with the RAID of human Pde4D5 (Fig. 3B ). In addition, a Y2H assay showed that this region interacts with Gib2 ( Fig. 3C ), suggesting that Gib2 associates with Pde2 through this putative RAID to potentially modulate its function.
Characterization of pde1 and pde2 mutant strains through melanin and capsule formation revealed little useful information as the pde1, pde2, and pde1 pde2 mutant strains showed no detectable differences when compared with wild-type control strains (Fig. 4, A and B) . Therefore, we resorted to measuring the basal and transient levels of intracellular cAMP following nutrient deprivation and glucose triggering as this method provides an accurate assessment of cAMP signaling status as demonstrated in several previous studies (17, 48, 49) . Higher basal levels of cAMP were found in the pde1 and pde1 pde2 mutant strains as well as transient levels when the cells were starved and stimulated with glucose in comparison with the other strains (p Ͻ 0.05; Fig. 4C ). The pde1 and pde1 pde2 mutant strains showed similar profiles with cAMP levels of 5.5-5.7, 5.4 -5.7, 5.5-5.6, and 5.4 -5.5 ϫ 10 3 fmol at 0, 0.5, 1, and 3 min postglucose stimulation. The wild-type strain (JEC20) and pde2 mutant strain showed similar basal levels of 4.8 -4.9 ϫ 10 3 fmol, whereas the gpa1 mutant showed the overall lowest cAMP levels at all sampling points (Fig. 4C) as expected. This result suggests that Pde1, but not Pde2, has a measurable role in cAMP degradation. This finding is consistent with that of var. grubii PDEs, and it argues against a potential role of Pde2 in promoting cAMP degradation governed by Gib2.
Ras1
Interacts with Adenylyl Cyclase Cac1 and Gib2-Because Pde2 not having an apparent measurable role in cAMP regulation is inconsistent with our hypothesis that Gib2 might promote cAMP levels by inhibiting cAMP degradation mediated by Pde2, we next examined the effect of Gib2 on other conserved proteins known to be involved in the synthesis of cAMP. In S. cerevisiae and other fungi, cAMP is synthesized from ATP by adenylyl cyclase Cyr1, and loss of Cyr1 activity results in a decrease in intracellular cAMP levels (50) . Cyr1 is activated through interactions with proteins, such as cyclaseassociated Srv2 and Ras GTPases Ras1 and/or Ras2 (51, 52) . The presence of an RA domain in Cyr1 is critical for binding to and activation by Ras proteins (53) .
C. neoformans contains two Ras proteins, Ras1 and Ras2, and previous studies found that they play distinct as well as shared roles in promoting fungal growth at high temperature as well as in filamentation and mating (16, 54) . The ras1 mutant strain had a defect in growth at 37°C, and overexpression of Ras2 could suppress the defect of Ras1 in thermal resistance (16) . In addition, overexpression of Ras1 in a gpa1 mutant partially suppressed the defects in melanin and capsule formation, which are the traits regulated by cAMP signaling (54) . However, whether or not Ras1 or Ras2 interacts with Cac1 and whether they have any impact on cAMP levels remain unknown.
C. neoformans var. grubii encodes an adenylyl cyclase Cac1 protein (13) . Cac1 of the var. neoformans strain is similar to var. grubii in that it contains 2272 amino acids. In Cac1 identified from several sources (C. neoformans var. grubii, var. neoformans, and var. gattii), there is a region sharing relatively high homology with the RA domains of other fungi: 38% similarity with RA domain of S. cerevisiae Cyr1 and 51% similarity with RA domain of Candida albicans Cyr1 (Fig. 5A ). This suggests that Cac1 of C. neoformans could interact with Ras1 and function as a Ras1 effector molecule in cAMP signaling in addition to G␣ Gpa1. To investigate whether or not Gib2-mediated cAMP up-regulation involves the function of Ras-Cac1 interactions, we first tested the interactions between Ras1 and Cac1 and between Ras1 and Gib2 through Y2H screening. We then examined whether or not cAMP signaling by Gib2 is dependent on Ras1 and/or Cac1.
Ras1 as well as paralog Ras2 indeed associates with Cac1, and this interaction is mediated through the putative RA domain, and it also interacts with Gib2 through Y2H screening (Fig. 5, B and C). These interactions were subsequently confirmed by co-IP (Fig. 5E ). Although these findings are in contrast to S. cerevisiae Asc1 that inhibits Cyr1 cAMP production through a direct contact (30) , they support a proposition that Gib2 could regulate cAMP signaling through functions of Ras1 and Cac1.
Gib2 Promotes cAMP Levels through Modulating the Ras1-Cac1 Interaction-In C. neoformans var. grubii, Ras1 is known to play a major cellular role, whereas the role of Ras2 is minimal (16) in a manner similar to Pde2. To establish functional connections between Ras1 and Cac1, we disrupted the RAS1 and/or CAC1 genes in various var. neoformans strains and performed epistasis analysis. Consistent with previous studies, the ras1 mutant exhibited reduced thermal resistance (55) . The ras1 mutant strain also did not show any detectable differences in cAMP-regulated traits such as melanin or capsule formation (Fig. 6, A and B) ; however, the ras1 gpa1 mutant colony showed a very mucus-like appearance in yeast extract-peptone-dextrose medium, a non-inductive condition for capsule formation, which suggests enhanced capsule formation (high cAMP levels). Indeed, the ras1 gpa1 mutant cells showed large capsules following induction in comparison with ras1, ras1 RAS1 complemented, and the wild-type JEC21 strains (Fig. 6B) . The gpa1 ras1 P gpd1 GAL7-GIB2 strains showed capsule formation consistent with that of the gpa1 ras1 strain (Fig. 6B) . These results suggest that Ras1 negatively regulates cAMP signaling in cells lacking Gpa1.
Moreover, disruption of the CAC1 gene in all strain backgrounds (gpa1, gpa1 ras1, gpa1 ras1 P gpd1 GAL7-GIB2, and wild types) resulted in defects in melanin and capsule formation, indicating a near total defect in cAMP production (Fig. 6, A and  B) . Although this result is consistent with previous studies in which the var. grubii cac1 mutant was defective in capsule and melanin formation (13) , it suggests that Cac1 is the downstream target of both Gib2 and Ras1. As controls, the gpa1 mutant exhibited defects in melanin and capsule, whereas the gpa1 mutant with the GAL7-GIB2 (gpa1 GIB2) construct showed partially complemented capsule formation due to the leaky nature of the GAL7 promoter (Fig. 6, A and B) (17) .
Based on these studies, we propose that Ras1 has a previously uncharacterized negative role in regulating Cac1 activity and that Gib2 promotes cAMP levels through the inhibition of Ras1 function on Cac1. An updated version of the cAMP signaling pathway is illustrated in Fig. 7 .
Gib2 Is a Scaffolding Protein-Genetic analysis has provided a molecular basis by which Gib2 promotes cAMP levels in the absence of Gpa1. Because Gib2 was previously shown to also interact with Gpa1, Pkc1, Cin1, and other proteins (17, 39) , the newly established interactions provided further support for the hypothesis that Gib2 is a scaffolding protein capable of interconnecting various cellular processes and pathways through multiple protein interactions. . (A) ), and C. gattii (C. g.) contain putative RA domains that are homologous to those of S. cerevisiae (S. c.) and C. albicans (C. a.). Numbers mark the amino acid locations of the RA domains. B, Ras1 interacts with Cac1 through the conserved RA domain in a yeast two-hybrid assay. C, Ras1 and paralog Ras2 interact with Gib2. D, coimmunoprecipitation confirms the interactions between Gib2 and Ras1, Ras1 and Cac1 (RA domain), and Gib2 and eIF4A. Anti-GST and Anti-Xpress antibodies were used to detect the respective fusion proteins following PAGE and Western blot analysis. E, Gib2 interacts with eukaryotic initiation factor eIF4A homolog. The Y2H assay conditions and media used were the same as that described in Fig. 3 . DD indicates dropout medium lacking leucine and tryptophan, and QD indicates dropout medium lacking leucine, tryptophan, histidine, and adenine. co-IP was performed following the previously published method (17) . AD, pGADT7; BD, pGBKT7. MAY 2, 2014 • VOLUME 289 • NUMBER 18
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Mammalian RACK1 has as many as 80 protein partners (56) . To identify additional proteins to which Gib2 might bind, we used a proteomic approach of GST affinity purification combined with LC-MS/MS analysis. To do this, the GST gene was fused to the N terminus of the GIB2 gene, generating a GST-Gib2 fusion protein. Using the crude protein extracts prepared from cells grown first in nutrient-rich yeast extract-peptonedextrose medium and then grown for 2 h in nutrient poor yeast nitrogen base, we identified 47 proteins (Table 3 ). These proteins are highly homologous to those of other model systems with diverse functions including intracellular trafficking (Ykt6), stress responses (response to stress-related protein and flavohemoglobin), metabolism (sn-glycerol-3-phosphate dehydrogenase, UDP-glucose dehydrogenase, and glucose-6-phosphate 1-dehydrogenase), and ribosomal assembly and translation (40 S ribosomal proteins S7 and s3ae and 60 S ribosomal proteins L4, L13, and L19). These findings strongly support the hypothesis that Gib2 is a signal-transducing scaffolding protein that interacts with various proteins to integrate many cellular pathways necessary for growth, differentiation, and virulence.
Establishment of a Gib2-Protein Interactome-A genomic catalog of protein-protein interactions is a rich source of information, particularly for exploring the genetic relationships between various proteins and elucidating their functions. Given the large number of proteins with which Gib2 interacts, we sought to generate a Gib2 interactive protein network to better illustrate the complexity of Gib2 networking in events such as cAMP signaling, Pkc1-mediated stress responses, Cin1-mediated intracellular trafficking, and others. To do this, we first identified the respective homologous proteins in the S. cerevisiae genome (Saccharomyces Genome Database) and compiled yeast proteins with an E-value of Ͻ1eϪ5. Using the STRING database v9.0 (45) for protein-protein interactions and a STRING confidence score over 0.7 (high confidence), we created a S. cerevisiae Asc1 interactive network as reference followed by a Gib2 interactive network using C. neoformans proteins.
Approximately 55 proteins are shown in the interactive network centered by Gib2 (Fig. 8A) . Surprisingly, proteins involved in cellular signaling rank third in the number of targets by Gib2 (6 of 53, 11.3%). The preferential targets of Gib2 appear to be various proteins involved in ribosomal function and protein translation (12 of 53, 22.6%) as well as intracellular transport (8 of 53, 15.1%). This gradient of targeting is, not surprisingly, also seen in the reference network for S. cerevisiae Asc1 (Fig. 8B) with ribosomal targets accounting for 26.7% (12 of 45), trans-FIGURE 6. Genetic evidence suggests that Gib2 promotes cAMP levels through the Ras1-Cac1 interaction. A, Ras1 negatively regulates melanin formation, whereas Cac1 is required for melanin formation (cAMP signaling) in all of the strains including F4 (gpa1 GAL7-GIB2). B, Ras1 negatively regulates capsule formation in the absence of normal Gpa1 signaling. Induction conditions for melanin and capsule were as the same as those described in Fig. 2.   FIGURE 7 . Ras1 regulates the Cac1-cAMP signaling pathway in C. neoformans. The Ras1 function opposes that of Gpr4/Gpa1. Gpa1, G protein ␣ subunit (8, 62); Gpg1/2, G protein ␥ subunits 1 and 2 (11); Crg2, cryptococcal regulator of G protein signaling 2 (39, 63); Pkr1 and Pka1, cAMP-dependent protein kinase regulatory and catalytic subunit, respectively (14) . TFs denote Nrg1 (60) and other unknown transcriptional factors.
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port proteins accounting for 15.6% (7 of 45), and signaling proteins accounting for 6.6% (3 of 45). Taking into consideration that these interactions are not exhaustive as several proteins that interact with Asc1 through traditional experimental approaches (30) are not included, the percentage of Asc1 that modulates signal transduction could be higher than 6.6%. The functions of 11 proteins with which Gib2 interacts (22.9%, 11 of 48) remain undefined compared with S. cerevisiae where only the function of Cam1 is unclear. In addition, several cryptococcal proteins do not appear to have any corresponding homologs in S. cerevisiae or vice versa, which could be due to the evolutionary divergence existing between the two organisms. As a result, these proteins were not included in the interactive network.
Validation of the Gib2-protein Interactome-Our analysis so far indicates that Gib2 has evolved to play a major adaptor role regulating various cellular functions by recruiting and chaperoning multiple proteins. To further substantiate the Gib2-protein interaction network we established through affinity pulldown, we adopted the following two methods for data validation: 1) pairwise cluster analysis of functional families (57, 58) and 2) Y2H screening and co-IP of selected proteins.
In the process of establishing a Gib2 interactome, we used blastp to search S. cerevisiae proteins that are homologous (E-value Ͻ1eϪ5) to the 47 C. neoformans proteins identified through GST pulldown and identified 42 protein homologs. Through the STRING database, approximately half of these proteins (22) were predicted to interact with Asc1 with each protein having a STRING confidence score ranging from 0.31 to 0.99 (Ͼ0.7, high confidence; 0.4 -0.7, medium confidence; Ͻ0.4, low confidence). We clustered all of these proteins (both C. neoformans and S. cerevisiae) by OrthoMCL and found that 42 of the 47 C. neoformans proteins could be clustered with at least one S. cerevisiae protein in each cluster, respectively. This is consistent with the results of blastp. We assume that Asc1 interacts with RPL4A with high confidence (S. cerevisiae), and likewise, Gib2 (Asc1 homolog) and Q5KAF2 (RPL4e, a RPL4A homolog) should also interact with high confidence. Twentytwo C. neoformans proteins were thus predicted to interact with Gib2 with various degrees of confidence (Table 4) .
We also validated Gib2-protein interactions through a classical approach. Specifically, we examined the interaction between Gib2 and eIF4A, a eukaryotic initiation factor homolog of C. neoformans, through Y2H screening and co-IP. Cryptococcal eIF4A is composed of 401 amino acids (GenBank accession number AFR92916), and it shares high amino acid sequence homology with S. cerevisiae Tif2 (65% identity and similarity 14%). The latter is a DEAD (Asp-Glu-Ala-Asp) boxcontaining RNA helicase that confers essential functions in S. cerevisiae (59) . Consistent with GST tag pulldown and comparative cluster analysis results, yeast cells expressing Gib2 (pGADT7-Gib2) and eIF4A (pGBKT7-eIF4A) were able to grow in selective medium, and eIF4A (expressed in pRSET-B) could also be precipitated by Gib2 (expressed in pET41a(ϩ)) in co-IP analysis (Fig. 5, D and E) . Although the function of cryptococcal eIF4A remains to be defined, its high sequence homology with Tif2 and the confirmed interaction with Gib2 are consistent with Gib2 functioning as a RACK1-like protein adaptor.
DISCUSSION
C. neoformans infects mammalian hosts with weakened immune systems, causing severe clinical manifestations that include meningoencephalitis. As a soil-borne pathogen, C. neoformans has acquired the ability to resist harsh environmental conditions. The transition into a human host poses another drastic change for the fungus, involving further adaptation to even harsher conditions. Signal transduction pathways such as those mediated by G proteins are of paramount importance in allowing for such adaptations. Previous studies have shown that C. neoformans maintains two parallel G protein signaling pathways: Gpa2/Gpa3/Gpb1/Gpg1/Gpg2 for pheromone-responsive mating and Gpa1/Cac1 for cAMP signaling. Although recombination through mating is arguably the most conserved approach to evolution and adaptation, mating does not play a significant role in virulence (9 -11) . By contrast, Gpa1 adapts a conserved cAMP signaling pathway that senses nutrients and presumably amino acids such as methionine to regulate growth characteristics and virulence. Gpa1 functions through a conserved mechanism that likely involves the activation of Cac1 upon stimulation by G protein-coupled receptor Gpr4 with the resulting increased cAMP levels through the activation of protein A kinase Pka1 (8, 12, 13, 48) . Although the definitive target of cAMP signaling remains elusive, it is generally believed that the main target of the Gpa1-cAMP pathway is a network of transcription factors (60) . A canonical G␤ for Gpa1 was not found, suggesting that Gpa1 may function through a "noncanonical" fashion. Our previous identification of Gib2 as an atypical G␤ binding to Gpa1 sheds light on the possible functional mechanism of Gpa1 under such "dire" circumstances.
Gib2 binding to G␣ Gpa1 and G␥s Gpg1 and Gpg2 suggests that Gib2 couples with G␥ to function as a ␤␥ dimeric complex and to maintain the activation/inactivation cycle of Gpa1. Further studies that include measuring the guanine nucleotide dissociation inhibitor activity could perhaps provide additional supporting evidence. Intriguingly, Gib2 promoted cAMP levels when overexpressed in strains lacking normal Gpa1-cAMP signaling (17) . This finding suggests that Gib2 has an additional role in the Gpa1-cAMP pathway. To illustrate this role, we focused on the proteins involved in the biogenesis of cAMP, namely Pde1/Pde2, Ras1, and Cac1 of C. neoformans. We found that Gib2 associates with Pde2 and Ras1, but only Ras1 has a meaningful role because it also associates with Cac1.
Although Gib2 interacts with Pde2 through the putative RAID, the significance of Pde2 in cAMP regulation appears negligible under normal testing conditions, raising the question of whether or not the interaction has any biological significance. C. neoformans Cac1 positively regulates cAMP levels, but an interaction between Gib2 and Cac1 was not found. We then resorted to examining the role of Ras1 in cAMP signaling as Ras proteins are known to regulate adenylyl cyclase activities in fungi including S. cerevisiae. Interactions between Gib2 and Ras and Ras1-Cac1 were sequentially established and substantiated. Finally, we provide evidence demonstrating that Ras1 indeed functions in cAMP regulation by inhibiting the activity of Cac1, a novel role not yet established in C. neoformans, and that Gib2 promotes cAMP levels by recruiting Ras1. It is worth noting that these genetic interactions occur in cells lacking normal Gpa1 signaling. Our findings suggest that Gib2 regulates cAMP signaling in C. neoformans through a mechanism distinct from that of S. cerevisiae Asc1, which is in accord with the opposing impact of each protein on cAMP levels. Whether or not the presence of Gpa1 limits the Ras1-Cac1 interaction and how Gpa1 and Ras1 interact with Cac1 in normal cells remain important but undefined research subjects. Moreover, our find-ings also do not rule out the possibility of additional regulatory elements of Cac1-cAMP signaling and that there may be more than one target in cAMP accumulation by Gib2. Altogether, our study highlights the complexity of fungal regulatory mechanisms and illustrates the importance of secondary regulatory pathways whose function may often be masked by the major regulatory pathways. This theme is very reminiscent of that of the latest study demonstrating the dual functions of S. pombe Sck1/Sch9 (61) .
Adaptor proteins do not possess any catalytic domains but rather function to chaperone and tether other proteins to provide spatial and temporal regulations. The fact that Gib2 interacts with several proteins including Gpa1, Gpg1/Gpg2, Smg1, Cin1, and Pkc1 strongly suggests that Gib2 is an adaptor protein. It is also hypothesized that the ␤-transducin structure of Gib2 provides multiple rigid surfaces allowing for its interactions with multiple proteins. The dynamic and complex processes may be enhanced by its ability to oligomerize, forming dimeric and/or multimeric complexes. Here, we reason that Gib2 tethers with Gpa1 and Gpg1/Gpg2 to foster a heterotrimeric complex. Gib2 also recruits Ras1 to function in cAMP regulation. We anticipate that more functions can be revealed through careful investigation of various regions of Gib2 by approaches such as residue-and domain-specific mutagenesis studies.
Proteins often physically interact to carry out their functions within living cells. The human RACK1 protein is estimated to interact with as many as 80 protein partners (56) . Given the multitude of RACK1 and Asc1 functions, we aim to search for evidence of more proteins that interact with Gib2. A proteomic approach using GST affinity purification combined with mass spectrometry allows us to expand the list of binding partners of Gib2 to ϳ50, more than half that of RACK1 and approximately the same as S. cerevisiae Asc1. We were also able to validate approximately half of the interactive partners identified through GST affinity purification. By examining orthologs of Asc1-interacting proteins and predicting possible interlogs, we generated a protein-protein interaction network of C. neoformans Gib2 that will provide much insight into functions of Gib2.
Finally, given that C. neoformans is evolutionarily divergent from the classic model yeast S. cerevisiae, our finding represents a novel perspective on the global scale of the Gib2 interactive network. We believe that the ability of Gib2 to interact with multiple protein partners underlies the capability of the fungus to cope with changes in its living environment, particularly that of the mammalian host. Gib2 provides a means to maintain the activation/inactivation cycle of Gpa1 and promotes cAMP signaling in the absence of Gpa1. Gib2 likely influences Pkc1 signaling through conserved mechanisms to respond to stresses. Gib2 tethers Cin1, which is involved in intracellular trafficking. Given the fact that Gib2 is not an essential protein and that the 
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Gib2 Is a cAMP-modulating Signal-transducing Adaptor Protein gib2 mutant was able to eventually disseminate to the brain of infected AJCR mice despite slowed growth and reduced virulence, the regulatory networks underlying the growth, differentiation, and pathogenicity of C. neoformans are likely to be very complex.
